Abstract: Hemoglobin is considered a potentially toxic molecule when released from erythrocytes during hemolysis, inflammation, or tissue injury. The mechanisms of toxicity involve reduced nitric oxide bioavailability and oxidative processes both occurring at the heme prosthetic groups. When the endogenous oxidant H(2)O(2) reacts with Hb, transient radicals are generated during the peroxidative consumption of H(2)O(2). If not neutralized, these radicals can lead to tissue toxicity. The net biologic effect of extracellular Hb in an H(2)O(2)-rich environment will therefore be determined by the balance of H(2)O(2) decomposition (potential protective effect) and radical generation (potential damaging effect). Here we show that Hb can protect different cell types from H(2)O(2)-mediated cell death and the associated depletion of intracellular glutathione and ATP. Importantly, Hb blunts the transcriptional oxidative-stress response induced by H(2)O(2) in human vascular smooth muscle cells (VSMCs). Based on spectrophotometric and quantitative mass spectrometry analysis, we suggested a novel mechanism in which Hb redox-cycles H(2)O(2) and simultaneously internalizes the radical burden, with irreversible structural globin changes starting with specific amino acid oxidation involving the heme proximate betaCys93 and ultimately ending with protein precipitation. Our results suggest that complex interactions determine whether extracellular Hb, under certain circumstances, acts a protective or a damaging factor during peroxidative stress conditions. 
Introduction
H emoglobin (Hb) is released from red blood cells (RBCs) during intravascular hemolysis or on extravasation and subsequent lysis of RBCs during micro-or macroscopic tissue injury. Extracellular Hb has been implicated in the pathogenesis of hemolytic diseases such as sickle cell anemia or malaria and also in more localized processes such as in atherosclerosis with associated intraplaque hemorrhage (1, 6, 8, 18, 22, 35) . Two major processes have been explored to explain the pathophysiologic activity of Hb. The neutralization of nitric oxide by the dioxygenase reaction is likely to be involved in the vasoconstrictive and hypertensive properties of Hb (34) . Peroxidative properties of Hb, when it reacts with physiologic oxidants such as hydrogen peroxide, have been advocated to propagate oxidative cell and tissue damage. The in vivo examples of the oxidative activity of Hb can be found with large intravascular Hb exposures, which cause lipid peroxidation and subsequent lipid peroxide protein modification in the kidneys of exposed animals (4) . The excretion of oxidatively modified Hb in the urine of these animals suggests that Hb is directly involved in the processes leading to parenchymal damage (7) . In addition, free heme or Hb oxidation products or both have been shown to propagate inflammatory reactions and to enhance cellular susceptibility to oxidative stress (3, 17, 24) .
The oxidative toxicity of Hb or myoglobin (Mb) has been associated with the generation of protein radicals, which are formed when ferric (Fe 3þ ) Hb reacts with H 2 O 2 in the following reaction: Hb- 32, 33) . While H 2 O 2 is consumed during this reaction, the formed radicals can abstract hydrogen atoms from the environment and thereby initiate oxidative damage. In cell cultures, the reaction of ferric myoglobin or some chemically modified Hbs with low and continuous concentrations of H 2 O 2 enhanced apoptosis compared with the effect of H 2 O 2 or myoglobin alone (12, 13) . Under physiologic conditions, however, it is unlikely that intravascular or extravascular Hb is exclusively in its ferric oxidative state when subjected to H 2 O 2 . Therefore, the more complicated and less well established reaction of ferrous or a mixed ferric=ferrous Hb reaction with H 2 O 2 might be a more realistic process in vivo. In the initial reaction of ferrous Hb, H 2 O 2 is consumed, resulting in the formation oxo-ferryl Hb (Hb-Fe ¼ O). No heme-or protein-located radical is formed during this initial reaction. The reactions of ferrous Hb with H 2 O 2 can be summarized as follows (9, 21, (28) (29) (30) .
The biologic consequences of a heme-protein reaction in H 2 O 2 -rich environments are likely a result of the balance of H 2 O 2 consumption (antioxidative protection) and, conversely, the production of free radicals (oxidative damage). However, in light of the cytotoxic nature of the reaction of H 2 O 2 with Mb and with some chemically modified Hbs (developed as blood substitutes), the H 2 O 2 consumption or peroxidase activity has not been considered an intrinsic antioxidant activity of Hb. We recently found extensive heme degradation, a-globin cross-linking, and a specific pattern of b-globin amino acid oxidations that result from the reaction of ferrous Hb with H 2 O 2 (7, 21, 42) . These structural changes occurring during the reaction of Hb with H 2 O 2 are likely a result of heme-derived radicals reacting with globin amino acids and porphyrin, respectively. In theory, these reactions could ''absorb'' a significant amount of radical-derived oxidative impact and thereby protect the physiologic environment.
In this study, we found that cell-free Hb can protect different cell types from H 2 O 2 -induced oxidative stress and associated cell damage. The extensive oxidative modification of Hb, which involves globin-chain amino acid oxidation and protein precipitation, is compatible with a protective activity of Hb involving ''internalization'' of heme-associated oxidative processes.
Materials and Methods
Glucose oxidase (GOX; 200 units=mg protein or more) and catalase (4,000-8,000 units=mg protein) from Aspergilus niger were obtained from Sigma (St. Louis, MO). Different GOX= catalase concentrations were achieved by dilution of the stock solution directly into the appropriate medium. Highly purified hemoglobin (HbA0; purity >99%, referred to as Hb) was provided by Hemosol, Inc. (Toronto, Ontario, Canada) and stored at -808C until the time of use. This ultrapure Hb has been characterized extensively and is free of catalase (5) . For experiments using cell impedance measurements, an essentially catalase-free stroma-free human Hb was used (provided to P.W.B. by Dr. Andre Palmer, Dept. of Chemical and Biomolecular Engineering, The Ohio State University). AcriGlow 301 was purchased from Capricorn (Portland, ME). Amplex Ultra Red Hydrogen Peroxide Assay Kit was purchased from Molecular Probes (Invitrogen, Basel, Switzerland).
Measurement of H 2 O 2 production
Production of H 2 O 2 by GOX in the cell-culture medium was measured by adding 0.5 ml AcriGlow 301 to the reaction.
Luminescence was measured intermittently in 5-s readings for the indicated time period with a Lumat Lb 9507 Luminometer (Berthold Technologies, Regensdorf, Switzerland) at room temperature (RT). H 2 O 2 accumulation in cell-culture supernatants was measured by using the Amplex Ultra Red assay according to the manufacturer's directions. In brief, 50 ml of cell-culture supernatant was mixed with the reaction solution containing 10 mM Amplex Ultra Red and 10 U=ml horseradish peroxidase in microplates. Absorbance (560 nm) was measured in a Multi-Detection Microplate Reader (SpectraMax M2; Bucher Biotec, Basel, Switzerland) after 30 min of incubation at RT, protected from light. The presence of Hb in cell culture did not affect H 2 O 2 concentrations after ultrafiltration and did not change the assay results.
Analysis of hemoglobin oxidation
Spectral analysis of ferrous and ferric HbA 0 (Hemosol Corp., Toronto, Ontario, Canada) was performed by using a Hewlett-Packard HP-8453 rapid-scanning diode-array spectrophotometer (Agilent Technologies, Rockville, MD). Experiments were performed in sealed cuvettes equilibrated at room temperature at 378C with 50 mM Hb (ferrous and ferric) cell-culture medium containing 4.5 g=dl glucose with (þ) and without (-) calf serum and 10 mU of glucose oxidase (GOX; type X-S derived from Aspergillus niger, 100,000-250,000 U=g solid material; Sigma Chemical). Initial spectra were obtained before the addition of 10 mU of GOX, and then spectra were measured every 2 min for 2 h over a wavelength range of 450-700 nm. To determine the redox state of ferric and ferrous Hb over a 2-h period, 50 mM of each Hb was diluted in glucose-rich medium with a baseline sample taken and analyzed before the addition of GOX. After the initial sample, 10 mU of GOX was added, and each tube was placed in a 378C water bath. Samples were removed and analyzed spectrophotometrically at time 0 (immediately after the addition of GOX) and then every 2 min for 30 min, followed by every 10 min (remaining 1.5 h). Each sample was analyzed before and immediately after the addition of 2 mM sodium sulfide (Na 2 S) as a measure of ferryl Hb. The concentration of sulfhemoglobin was calculated by using the extinction coefficient 10.5 per mm at 620 nm and expressed as ferryl Hb (16) .
Cell culture
Human vascular smooth muscle cells (VSMCs) were freshly isolated from human umbilical cord veins as described (25) . VSMCs (passage three through six) were cultured in DMEM high glucose (4 mg=ml of glucose), without phenol red (Amimed, BioConcept, Allschwil, Switzerland) with 10% FCS, 1% l-glutamine (200 mM), 1% penicillin (10,000 U=ml), and streptomycin (10,000 U=ml). RAW 264.7 and HEK-293 cultivated in DMEM high glucose with 10% FCS and additional 2 mM l-glutamine. All cells were kept at 378C in a humidified atmosphere with 5% CO 2 . All GOX experiments were performed at reduced FCS concentrations (5%). The experiments with HEK293 cells, shown in Fig. 2 , were performed under serum-free conditions. All media were without phenol red. time were accomplished by using the CELLligence RTCA-SP system (Roche Applied Science, Rotkreuz, Switzerland). HEK293 cells were seeded in 96-well e-plates at a density of *50,000 cells per well, and the indicated stimuli (in serumfree medium) were added after reaching a stable plateau phase at a normalized cell index (CI) of *1.0. Data of each well were recorded every 5 min. The measurement was intermittently paused to inspect cells with the microscope. Data were analyzed by using RTCA Software 1.2 (Roche Applied Science).
Measurement of intracellular-reduced glutathione and adenosine triphosphate
Intracellular glutathione (GSH) and adenosine triphosphate (ATP) levels were measured in 96-well cell-culture microplates by using the luminescence GSH-Glo and cellviability assays from Promega, according to the manufacturer's instructions. Luminescence was measured with an integration time of 0.5 s per well with a Multi-Detection Microplate Reader.
RNA isolation and quantitative real-time polymerase chain reaction
Total RNA was purified with the RNAeasy mini kit (Qiagen, Basel, Switzerland). RNA used for microarray analysis was treated with a DNase I digestion step (Qiagen). RNA was quantified spectrophotometrically by using the Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE). Real-time two-step reverse transcription (RT)-polymerase chain reaction (PCR) was performed on a Fast Real-Time PCR System Instrument (Applied Biosystems, Rotkreuz, Switzerland) by using Taqman reverse transcription and SYBR Green master mix PCR reagents (Applied Biosystems, Roche, Switzerland). Melting-curve analysis was performed after each PCR experiment to show the specificity of amplification reactions and to exclude excessive primerdimer formation. Temperature-cycling profiles were 10 min at 958C, 45 cycles of 15 s at 958C, 10 s at 55-678C, and 13 s at 728C. Gene-specific quantitative data were corrected for HPRT RNA abundance in the respective sample and are expressed as fold-expression in relation to the nontreated control (40 
Gene-array experiments
Gene-expression profiling was performed by competitive dual-color hybridization of complementary RNA probes on human 4Â44 K oligonucleotide microarray chips (Agilent Technologies, Palo Alto, CA), as described (37) . To verify integrity, each RNA sample was analyzed on an RNA 6000 Nanochip (Bioanalyzer 2100 instrument, Agilent Technologies, Basel, Switzerland). High-quality total RNA typically had an 18=28S ribosomal RNA ratio >1.5. cRNA probes were synthesized from 200-ng aliquots of high-quality total RNA by using the low-input fluorescence linear amplification kit protocol and spiked with control targets (Agilent Technologies). Cyanine-3-dCTP (control) or cyanine-5-dCTP (treatment) labeled cRNA probes were purified on RNAeasy mini spin columns (Qiagen) and quantified by spectrophotometer (NanoDrop Technologies, Wilmington, DE). Equal quantities of Cy3-and Cy5-labeled probes (825 mg each) were mixed and incubated in fragmentation buffer in the dark for 30 min at 608C. After fragmentation control and respective treatment, samples were hybridized on the whole human genome (4Â44 K) oligonucleotide microarrays (Agilent Technologies) for 17 h at 608C in the dark, rotating at 10 rpm. After washing twice in GE wash buffer for 1 min, the microarray slides were washed in acetonitrile and dried. Slides were scanned by using a dual-laser microarray scanner and analyzed with Feature Extraction software (Agilent Technologies) and the Rosetta Resolver 7.2 Gene Expression Data Analysis System (Rosetta Biosoftware, Seattle, WA). All gene-array data have been submitted to www.ebi.ac.uk=arrayexpress and can be accessed through the following reviewer login: Username: Reviewer_E-MEXP-2263 Password: 1248259780826 Password: 1248259780826.
iTRAQ labeling and laser-desorption-matrix-assisted laser desorption ionization mass spectrometry Ferrous Hb was incubated with different GOX concentrations (1.2, 5, and 10 mU=ml) in cell-culture medium containing 4 mg=ml glucose and 5% FCS for 8 h. A total of 30 mg protein of each sample was dried in a speed vacuum concentrator for 3 h and resuspended with 20 ml of dissolution buffer (0.5 M triethylammonium bicarbonate and 0.05% SDS), reduced, and alkylated as described in the iTRAQ protocol (Applied Biosystems, Inc., Foster City, CA). Each sample was digested with 1 mg=ml trypsin (Promega, Madison, WI) at a trypsin-to-protein ratio of 1:10 at 378C overnight and labeled with the iTRAQ reagent, as described in the manufacturer's manual (Applied Biosystems). The proteins from the control condition were labeled with iTRAQ reagent 114, and oxidized conditions, with 115, 116, and 117, respectively. The labeled samples were pooled and purified by using a cation-exchange cartridge (ICAT; Applied Biosystems). The bound peptides were collected with 10 mM KH 2 PO 4 , 350 mM KCl, 25% ACN. The labeled samples were dried in a vacuum concentrator. Dried peptides were redissolved in 20 ml of 2% (vol=vol) acetonitrile=0.1% trifluoroacetic acid, automatically injected by a Famos autosampler and separated by an UltiMate capillary LC system (Dionex -LC Packings) by using a 75-mm ID reverse-phase column.
Nano-LC separation and MALDI target spotting of tryptic peptides. Peptide separation was performed on an Ultimate chromatography system (Dionex-LC Packings, Sunnyvale, CA) equipped with a Probot MALDI spotting device. Five microliters of the samples was injected by using a Famos autosampler (Dionex-LC Packings) and loaded directly onto a 75 mmÂ150 mm reversed-phase column (PepMap 100, 3 mm; Dionex-LC Packings). Peptides were eluted at a flow rate of 300 nl=min by using the following gradient: 0-10 min, no solvent B; 10-105 min, none to 50% solvent B; and 105-115 min, 50 to 100% solvent B. Solvent A contained 0.1% TFA in 95:5 water=acetonitrile, and solvent B contained 0.1% TFA in 20:80 water=acetonitrile. For MALDI analysis, the column effluent was directly mixed with MALDI matrix (3 mg=m; a-cyano-4-hydroxycinnamic acid in 70% acetonitrile=0.1% TFA) at a flow rate of 1.1 ml=min via a m-Tee fitting. Fractions were automatically deposited every 10 s onto a MALDI target plate (Applied Biosystems=MDS Sciex, Foster City, CA) by using a Probot microfraction collector. In total, 416 spots were collected from each HPLC run.
MALDI-TOF=TOF mass spectrometry. MALDI plates were analyzed on a 4800 MALDI TOF=TOF system (Applied Biosystems) equipped with an Nd:YAG laser operating at 200 Hz. All mass spectra were recorded in positive reflector mode and generated by accumulating data from 600 laser shots. First, MS spectra were recorded from peptide standards on each of the six calibration spots, and the default calibration parameters were updated. Second, MS spectra were recorded for all sample spots on the MALDI target plate (416 spots per sample, four samples per plate). The MS spectra were recalibrated internally based on the ion signal of neurotensin peptide (Sigma).
The following threshold criteria and settings were used for the acquisition of MS=MS spectra: mass range, 800 to 4,000 Da; minimum signal-to-noise (S=N) for MS=MS acquisition, 100; maximum number of peaks=spot, eight. Peptide CID was performed at a collision energy of 1 kV and a collision gas pressure of approximately 2.5Â10
À6 Torr. During MS=MS data acquisition, a method with a stop condition was used. In this method, a minimum of 1,000 shots (20 subspectra accumulated from 50 laser shots each) and a maximum of 2,000 shots (40 subspectra) were allowed for each spectrum. The accumulation of additional laser shots was halted whenever at least six ion signals with an S=N of at least 60 were present in the accumulated MS=MS spectrum, in the region above m=z 200.
Peptide and protein identification and quantification by database searching. MS=MS data analysis was performed by using ProteinPilot 2.0.1 software (Applied Biosystems) with the Paragon algorithm as the default search program. Trypsin was selected as the digestion agent, and 4-plex iTRAQ labeling and MMTS modification of cysteine were specified.
Scanning electron microscopy
Cells were cultured on round (12-mm) coverslips. After treatment with GOX (5 mU) and Hb (1 mg=ml) for 8 h, cells were washed and fixed with 2% glutaraldehyde in PBS. The fixed cells were washed and postfixed in 1% OsO 4 , dehydrated by successive immersions in increasing concentrations of ethanol, followed by CPD (critical point drying, BaL-TEC CPD 030). The dried coverslips with the dehydrated cells were mounted on SEM carbon stubs and coated with platin (5 nm). Pictures were taken at 2 kV with a SEM Zeiss Gemini 1530 (Zeiss, Oberkochen, Germany).
Statistical analysis
Differences between treatment groups were analyzed with ANOVA and the Bonferroni posttest by using GraphPad Prism version 5.01, where applicable. A p value < 0.01 was considered significant.
Results
Reaction with Hb abolishes the accumulation of H 2 O 2 generated by the glucose-glucose oxidase (GOX) system in cell culture
To investigate the chemical interactions of low levels of H 2 O 2 with extracellular Hb and their influence on cellviability and gene-expression patterns, we established a glucose-glucose oxidase (GOX) system. This enzymatic system mimics a continuous, and thus, a more physiologic lowlevel H 2 O 2 exposure than does the bolus addition of H 2 O 2 (14) . The GOX activity of 10 mU=ml in the presence of 4 mg=ml glucose was found to be reproducibly depleting GSH and significantly reducing cell viability over an incubation period of 8 h in VSMCs and in the mouse macrophage cell line RAW264.7. With the luminescent probe AcriglGlow, which emits light in the presence of H 2 O 2 , we could follow the production and accumulation of H 2 O 2 in cell-culture medium, reaching a plateau intensity after an incubation period of 4 h (Fig. 1A) . In the presence of Hb, we could not detect any signal over the whole 8-h reaction period. This indicates that either the generation of H 2 O 2 is impaired by Hb or that the GOX-generated H 2 O 2 is immediately consumed by the peroxidase activity of Hb. The same pattern of GOX-generated H 2 O 2 accumulation in cell-culture supernatant and complete depletion of H 2 O 2 by Hb could be confirmed by using an alternative assay based on AmplexRed fluorescence (Fig. 1B) . The presence of Hb did not affect the performance of the H 2 O 2 assays, as comparable results were obtained when samples were ultrafiltrated (to remove Hb) before measurements.
The reactions of Hb heme-iron with GOX-derived H 2 O 2 were studied with spectrophotometry. Previous work by Cashon and Alayash (9) demonstrated differences in ferrous Hb and chemically cross-linked Hbs in their ability to form stable ferryl Hb. UV-visible spectrophotometry data consistent with Cashon and Alayash shows that ferrous Hb briefly engages in a pseudoperoxidase reaction in the presence of H 2 O 2 generated by the glucose=GOX system (Fig. 1B, left) . However, when starting with ferrous Hb, the peroxidase activity is lost within 50 min after the start of the reaction, and both heme and Hb become degraded in the spectra. Conversely, when ferric Hb is exposed to the same glucose=GOX system of H 2 O 2 generating the ferric, heme spectra remains stable over >2 h of continuous H 2 O 2 exposure (Fig. 1C right) . For the starting material ferrous Hb, the concentration changes of ferric and ferryl Hb with the loss of ferrous Hb are shown in Fig. 1D , E. UV-VIS spectrophotometry revealed a time-dependent oxidation of heme iron in the presence of GOX, and therefore proves that Hb-heme reacts with the GOX-generated H 2 O 2 . Thus, the absence of H 2 O 2 accumulation in the presence of Hb is not a result of suppressed enzymatic activity or the decomposition of H 2 O 2 by possible Hb contaminants such as superoxide dismutase and catalase. Instead, GOX-generated H 2 O 2 is consumed by Hb. Importantly, in all these studies, we used a highly purified and extensively characterized Hb preparation that has been proven to contain no RBC superoxide dismutase or catalase contamination.
WIDMER ET AL.
Screening of cell spreading and cell viability by impedance measurement suggests a protective role of ferrous and ferric Hb against H 2 O 2 -mediated oxidative cell damage
We measured cell monolayer impedance of HEK293 cells as a function of time in the presence of different concentrations of glucose oxidase and with or without 3 mg=ml of either ferrous or ferric Hb. The xCELLigence system used in these studies provides a cell index (CI) that increases as a function of cell attachment, spreading, and cell growth, and, conversely, declines as a function of cell detachment and cell death.
In Fig. 2A , the homogeneous attachment and spreading of HEK293 cells in culture (in a 96-well plate) is shown. Figure 2B illustrates the cellular (CI) response to different GOX-generated H 2 O 2 levels. Different concentrations of GOX with and without Hb (Fe 2þ or Fe 3þ ) were added to the cell culture 4 h after seeding (indicated by the black arrows). A dose-and time-dependent decrease in CI could be observed with GOX in the absence of Hb. The drastic decline in CI observed with 10 mU=ml and 5 mU=ml of GOX was associated with visible rounding of the cells and detachment after >20 h of incubation. In contrast, the still significant but slighter changes in CI observed at 2.5 mU=ml GOX that After having demonstrated that both ferric and ferrous Hb can protect against H 2 O 2 -mediated cell damage, we performed the following studies with ferrous Hb, because we considered exposure to ferrous or mixed ferrous=ferric Hb a more physiologic condition than exposure to exclusively ferric Hb.
Decomposition by ferrous Hb prevents cellular GSH depletion and cell death during H 2 O 2 -mediated oxidative stress The oxidative stress exerted by H 2 O 2 exposure depletes cellular antioxidant systems, such as reduced GSH, and eventually induces cell death by apoptosis or necrosis. To confirm and interpret the real-time results obtained with impedance measurement, we measured intracellular GSH and ATP as quantitative markers of cellular antioxidant capacity and cell viability, respectively, in the absence and in the presence of different concentrations of GOX. We also examined different and physiologically more relevant cell types (macrophages and vascular smooth muscle cells) than in the screening experiments. After 8 h, we found a dose-dependent depletion of GSH and ATP, which resulted in an almost 100% FIG. 2. On-line cell-culture impedance measurement: cell spreading, growth, and H 2 O 2 toxicity. Impedance was measured on-line in cell culture by using the CELLligence RTCP-SP system. HEK293 cells were seeded at time 0 min, and the cell index, which is a function of adherence, spreading, and cell growth, was measured every 5 min (A). After 4 h, growth medium was replaced with serum-free medium containing the indicated concentrations of glucose oxidase (GOX) with or without Hb (as Fe 2þ or Fe 3þ ). The cells were kept in culture for another 18 h (B-E). The decline of the cell index observed in the presence of the higher GOX concentrations was associated with extensive rounding of the cells, subsequent detachment from the cell-culture surface, and cell death. No morphologic changes were observed in the presence of Hb. Individual data points represent the mean of independent values from eight wells acquired every 5 min. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
loss of GSH and ATP at concentrations of more than 5 mU=ml GOX (Fig. 3) . This observation was compatible with the lightmicroscopy observation of extensive cell detachment after >12-h exposure to GOX activities above 10 mU=ml. Both intracellular GSH and ATP levels were maintained at baseline levels up to GOX activities of 20 mU=ml when Hb, at a concentration of 1 mg=ml, was added to the cell culture. After establishing that Hb can prevent H 2 O 2 -induced GSH and intracellular ATP depletion, we aimed to confirm on a transcriptional level that Hb also can prevent the cellular transcriptional stress response induced on H 2 O 2 exposure.
Hb blunts the H 2 O 2 -driven oxidative stress transcriptional response in vascular smooth muscle cells
To assess the global transcriptional response to H 2 O 2 exposure generated by the GOX system, we have compared the RNA expression profile of VSMCs exposed to 5 mU=ml of GOX for 8 h in the absence or presence of 1 mg=ml Hb. The activity of 5 mU=ml of GOX was reproducibly associated with a measurable reduction in cellular GSH and ATP levels, but did not result in visible cytotoxicity within the 8-h incubation period. The global gene-expression pattern induced by GOX AE Hb, as assessed by the relative abundance of >19,000 Unigene clusters, represented on the Agilent human wholegenome arrays is shown in Fig. 4 . In this representation of the transcriptome data, it becomes evident that the H 2 O 2 exposure induces a vivid change of gene expression with many up-or downregulated genes, as indicated by the wide spreading of gene data points along the (log) ratio axis (y-axis in Fig. 4) , which indicates the ratio of RNA abundance of treated compared with untreated VSMCs. Compatible with the previously described consumption of GOX-generated H 2 O 2 by Hb, the spread of gene-expression data is significantly reduced when Hb is present in the system. In GOXtreated cells, we found 2,157 genes upregulated and 2,386 genes significantly ( p < 0.01) downregulated. Of these, 711 were regulated more than threefold. In contrast, in the cells coincubated with GOX and Hb, we found only 1,530 and 969 genes significantly up-or downregulated, respectively, with only 108 genes regulated at a ratio above threefold (Fig. 5A) . The influence of Hb on individual gene-expression levels is illustrated in Fig. 5B , in which the pairwise representation of highly H 2 O 2 -induced transcripts in the presence and absence of Hb highlights the activity of Hb to suppress H 2 O 2 -driven gene expression. High ratios of gene induction by GOXgenerated H 2 O 2 were observed for activating transcription factor 3 (ATF3) and growth-differentiation factor 15 (GDF15). ATF3 is a well-characterized oxidative stress response transcription factor; GDF15 is a stress-inducible member of the transforming growth factor superfamily. We confirmed by quantitative RT-PCR that ATF3 and GDF15 are highly induced by GOX-generated H 2 O 2 and that this oxidative stress response is completely suppressed when Hb (1 mg=ml) is added to 10 mU=ml of GOX (Fig. 6) . That H 2 O 2 is involved in the GOX-driven alteration in gene expression in our experiments is confirmed by the fact that catalase also completely abrogates the GOX-induced ATF3 response (Fig. 6B) 2-80 mU=ml) . In the presence of Hb (1 mg=ml, red dots), the GOX activitydependent decline curves for GSH and ATP are significantly shifted toward the right, indicating a protective effect of Hb on cellular redox status and viability. Luminescence is shown relative to that of nontreated cells. Data represent mean AE SD of at least three independent experiments. Differences of treatment groups were statistically analyzed with ANOVA for GOX, 10 mU=ml, and GOX, 20 mU=ml, and were found to be significantly different (*p < 0.001).
release from oxidized Hb (Fig. 6D) . The latter hypothesis is supported by the observation that when heme release from methemoglobin is inhibited by the addition of stoichiometric concentrations of the Hb-binding plasma protein, haptoglobin (Hp), the superinduction of HO-1 can be suppressed (data not shown). We recently showed that complex formation with Hp does not alter the ability of Hb to redox cycle H 2 O 2 (7).
Extensive Hb amino acid oxidation and precipitation suggests that globin acts as a scavenger for heme-generated radicals in the presence of GOX-generated H 2 O 2
Under highly controlled reaction conditions (i.e., bolus addition of a 10-fold molar concentration of H 2 O 2 to Hb in the absence of small molecular reductants or other proteins or both), the reaction of H 2 O 2 with Hb results in a reproducible pattern of b-globin chain amino acid oxidations and a-globin chain polymerization. Primary oxidized amino acids within the Hb b-chain are Cys93, Trp15, and Cs112. These crosslinking and amino acid oxidation reactions are supposed to be driven by the radicals generated in the reaction of Hb-heme with H 2 O 2 . Therefore, the protective activity of Hb against H 2 O 2 -induced oxidative stress in our cell-culture systems could be a combined result of H 2 O 2 removal by heme redox cycling and subsequent scavenging of toxic radicals within Hb cross-links and globin amino acid oxidations. To find the structural evidence of these events, we applied a quantitative mass-spectrometry method on the basis of isobaric tag peptide labeling (iTRAQ) in combination with MALDI-TOF-MS=MS to measure the extent of GOX-driven oxidation of bCys93. As shown in Fig. 7 , the presence of GOX at 5 or 10 mU=ml shifts the ratio of oxidized to nonoxidized cysteine toward a >20-fold excess of triply oxidized cysteic acid over the nonoxidized globin after an 8-h incubation period. In addition, the H 2 O 2 reaction with Hb in our cell-culture conditions results in a dense precipitate. This precipitate, which did not occur at all when cells were incubated with any concentration of only Hb or GOX, probably corresponds to the heme-adducted globin polymers, which we previously characterized by high-mass MALDI MS (Fig. 8) .
Discussion
The radicals emanating from Hb when it reacts with oxidants have been proposed to be a primary source of Hbderived toxicity (8, 10) . Conversely, the reaction of Hb with hydrogen peroxide can potentially remove the potentially toxic oxidant from peroxidative environments. Multiple kinetic and environmental factors might therefore determine the net biologic effect of radical generation and H 2 O 2 removal by Hb during oxidative-stress conditions. In this study, we showed that ferrous and ferric Hb can protect various cell types against the cytotoxicity that normally results from the continuous low-level H 2 O 2 exposure generated by an enzymatic system. Additionally, the transcriptional stress response exerted by this low-level H 2 O 2 exposure was effectively suppressed by Hb, thus supporting a true antioxidant potential of Hb. The rationale used to explain the H 2 O 2 consumption and associated cellular protection observed in our systems is demonstrated in the UV-visible spectra, where ferrous and ferric Hb are shown to redox cycle H 2 O 2 generated by the GOX enzymatic system in cell-culture conditions.
FIG. 4.
Oligonucleotide gene-array analysis of vascular smooth muscle cell gene expression evoked by GOXgenerated H 2 O 2 in the absence or presence of Hb. Human VSMCs were exposed to the weakly cytotoxic activity of GOX (5 mU=ml) in the absence (upper panel) or in the presence (lower panel) of 1 mg=ml Hb for 8 h. The global transcriptome profile of three independent experiments was then determined with competitive hybridization gene-array analysis (Agilent human whole genome 4Â44 K arrays). Each numeric result of an individual data point represents the ratio of the expression level of one gene in treated cells versus nontreated (control) cells. The expression levels of different sequences on the array that represent the same Unigene cluster were combined by using the Rosetta Resolver in-built error algorithm to combine experimental data on a Unigene level. Each dot represents the mean (AEerror of three experiments) of the expression ratio of one individual Unigene cluster (gene). Only genes with an mRNA expression ratio significantly different from 1 ( p < 0.01) are shown. Upregulated genes (log ratio >0) are within the blue area, and downregulated genes (log ratio <0) are within the yellow area of the plot. The X-axis represents the hybridization signal intensity that is roughly proportional to the baseline mRNA abundance. (The gene symbols highlighted in red are ATF3, activating transcription factor 3; GDF15, growth-differentiation factor 15; HMOX, heme oxygenase 1; GCLM, glutamate-cysteine ligase modifier subunit; CXCR4, chemokine (CXC motif ) receptor 4; PTGS2, prostaglandin-endoperoxide synthase 2 (COX2). For exact fold changes and p values of individual genes, see Table 1 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars). Genes in boldface are highlighted in Fig. 3 .
As structural consequences of these reactions, we found extensive Hb b-globin amino acid oxidations and formation of altered heme-protein products observed as aggregates with electron microscopy. Potential in vivo substrates found to be highly vulnerable to the redox cycling and associated radical-generating activity of Hb are lipoproteins (LDL) and fatty acids, such as arachidonic acid, that are ubiquitously present in circulation and as critical structural components of cell membranes (26, 27, 36) . The oxidation of these biomolecules can result in the generation of biologically active compounds with a wide range of inflammatory and vasoactive properties. Evidence that these Hbdriven reactions do occur in vivo has been provided by the observation that specific oxidative-stress markers such as 4-hydroxynonenol (4-HNE)-modified proteins are highly increased in tissues when animals are exposed to large quantities of cell-free intravascular Hb (4). In vitro, ferric Mb and certain chemically modified Hbs were found to induce cellular oxidative toxicity (12, 13) . The toxicity resulting from reaction of heme-proteins with H 2 O 2 might be particularly important when small molecular antioxidants, such as ascorbic or uric acid, responsible for physiologically reducing oxidized hemeiron, become depleted either on massive extracellular Hb accumulation or during prolonged oxidative stress (11) .
The pseudoperoxidase activity of heme globins (i.e., Hb and myoglobin Mb) was recognized decades ago. Specific heme-pocket amino acid mutations that rapidly remove H 2 O 2 generated by autoxidation have been studied (2) , and it was thereby suggested that the physiologic environmental exposure of heme globins with enhanced pseudoperoxidase activity could introduce a protective function into the protein.
Further work suggested that the stabilization of Hb by chemical modification could enhance the pseudoperoxidative cycling of H 2 O 2 by heme, with detrimental consequences to endothelial cells (12) . Similar in vitro observations were made when cultured endothelial cells were treated with ferric Mb and a constant level of H 2 O 2 (13) . In light of the potentially hazardous effects exerted by Mb-and modified Hb-derived radicals, the H 2 O 2 -degrading function of Hb has never been accounted for as an antioxidant or a protective physiologic function of Hb. It appeared likely that, also in the case of native, nonmodified Hb, radical generation would predominate and skew the net effect of the Hb-H 2 O 2 reactions into an oxidant and damaging biologic activity. The present study differs from previous work in that highly purified and stromafree human Hb preparations were tested to evaluate Hb protein and cellular changes in the presence of a peroxidegenerating system. Moreover, our data suggest that differences may exist among the various heme-globin peroxidase activities and their influence on cellular responses. When Hb is reacted with H 2 O 2 at physiologic pH, b-globin chain amino acid structural changes were observed in several studies with different techniques, including HPLC, mass spectrometry, (ESI-TOF=MS), and circular dichroism (21) . The most striking modifications were amino acid oxidations within the b-globin chain, a loss of b-globin chain a-helical structure, and decreased ellipticity in the Soret region of the CD spectrum, indicating heme loss of approximately 70% with the addition of stoichiometric concentrations of H 2 O 2 . Within the a-globin chains, numerous heme=porphyrin Hb protein adducts and cross-links were observed (8, 21, 42) .
The intriguing and complex structural changes observed when Hb is subjected to H 2 O 2 exposure, and the evident cytoprotective activity of Hb during H 2 O 2 exposure, support a novel protective mechanism by which Hb appears to limit cellular injury, contrary to the previously reported data when ferric Mb and certain chemically modified Hbs were evaluated (12) . Certain peroxidases (mammalian and plant) exist with heme covalently bound within the active site of the peroxidase enzyme. This structural feature prevents damage to the active site by potentially reactive oxidative products of the peroxide enzymatic degradation (19, 20, 43) . Therefore, it is possible that Hb uses a mechanism to protect the external cellular environment by redirecting the radical burden toward heme adduct formation, internalization of heme within the protein, heme cross-linking, or a combination of these. Likewise, a mechanism including irreversible oxidative modifications of globin amino acids could act as a sink for heme reaction-derived radicals protecting non-Hb substrates and living cells from oxidative impact. At least in the case of ferrous Hb, our spectrophotometric and EM data suggest that these cyclic reactions finally result in complete destruction of the protein.
Under the experimental conditions presented in our study, Hb can act as an antioxidant and cytoprotective peroxidase. A typical clinical situation in which large amounts of extracellular Hb could be exposed to H 2 O 2 within an inflammation-prone tissue environment might be found in atherosclerotic plaques. Boyle et al. (6) recently reported the intriguing observation that macrophages confined to the regions of intraplaque hemorrhage displayed significantly less oxidative damage as compared with cells within the lipid-core area of the same plaques. Whereas an antioxidative phenotype of the macrophage itself was invoked to explain this unexpected finding, the Hb-rich environment could be an additional protective antioxidant factor.
This concept adds a novel facet to the complex biology of Hb. Our results suggest that the general view of Hb being a toxic and oxidative molecule might be too simplistic. Instead, complex interactions between the baseline oxidative state of Hb, possible structural modifications, environmental factors such as the presence of small molecular oxidants, and possibly the presence or absence of specific Hb or heme scavengers such as haptoglobin, hemopexin, or their respective cellular receptors determines the biologic impact of Hb during oxidative-stress conditions (23, 31, 38, 39, 41) . It should be kept in mind that different cell types might reflect different responses to Hb or its oxidation products. For example, heme has been identified as a ligand of Toll-like receptor 4 (TLR4) and might thus induce or enhance an inflammatory response in some dedicated cell types (15) . Accordingly, other patternrecognition receptors might display specificity for hemeadducted, oxidized, or cross-linked Hb species. Considering all these factors will help to explain the role of Hb in tissue homeostasis during inflammation, tissue injury, and in hemolytic and vascular diseases.
